The dapA and dapB genes, encoding, respectively, dihydrodipicolinate synthase and dihydrodipicolinate reductase, the two first enzymes of the lysine branch of the aspartic amino acid family, were cloned from the DNA of the amino acid-producing bacterium Brevibacterium lactofermentum. The two genes were clustered in a 3.5-kb Sau3AI-BamHI fragment but were separated by an open reading frame of 750 nucleotides. The protein encoded by this open reading frame had little similarity to any protein in the data banks, and its function remains unknown. The three genes were translated in Escherichia coli, giving the corresponding polypeptides.
The lysine biosynthetic pathway in corynebacteria is still poorly understood despite the use of Corynebacterium glutamicum and Brevibacterium lactofermentum for the industrial production of lysine. This pathway shares the first two steps with the threonine and methionine biosynthetic pathways, which involve the activation of aspartic acid to aspartyl phosphate and the reduction of the activated amino acid to aspartyl semialdehyde. In the lysine branch, the aspartyl semialdehyde is converted to dihydrodipicolinate by condensation with pyruvate. This first "branching" reaction, which involves the condensation of a C4 with a C3 fragment to form the seven-carbon dihydrodipicolinate, is carried out by dihydrodipicolinate synthase, encoded in Escherichia coli by the dapA gene. The condensation step is followed by a cyclization reaction which results in the formation of 2,3-dihydrodipicolinate and may involve an enzyme-bound C7 linear intermediate (Fig. 1 ). Whether this reaction requires more than one protein is uncertain. The dihydrodipicolinate formed is later converted to Al-piperideine-2,6-dicarboxylate by dihydrodipicolinate reductase, which in E. coli is encoded by the dapB gene. In the last steps of the pathway the A'-piperideine-2,6-dicarboxylate is converted to D,L-diaminopimelic acid by at least two alternative pathways (6, 20) . In addition to the succinylase and acetylase variants common to other procaryotes, a shunt pathway in which A'-piperideine-2,6-dicarboxylate is converted in a single step to diaminopimelate by the enzyme D-diaminopimelate dehydrogenase has been described in corynebacteria (11) . Finally, diaminopimelic acid is decarboxylated to form lysine by diaminopimelate decarboxylase (lysA gene).
Only preliminary information is available on the nature of the dapA and dapB genes of C. glutamicum (1, 5) , and no information has been published on that in B. lactofermen-* Corresponding author.
tum. We describe here that the dapA and dapB genes of B.
lactofermentum are clustered together with a third open reading frame (ORF) located between them. The three ORFs are translated into polypeptides.
Cloning the dapB gene and deletion mapping. Total DNA of B. lactofermentum ATCC 13869 (Table 1) was isolated as described previously (7) and partially digested with Sau3AI or totally digested with HindIII in different experiments. DNA fragments of 4 to 10 kb were ligated with pUC13, and the gene library was amplified in E. coli DH5a. Plasmid DNA from E. coli was used to transform competent cells (4) of E. coli CGSC 4549 dapB (Table 1) . Several clones were found that complemented the dapB auxotrophy of E. coli CGSC 4549 in VB minimal medium (21) supplemented with thiamine (3 mM), m-diaminopimelic acid (0.1 mM), and ampicillin (50 pug/ml). Rapid screening of plasmid DNA (9) revealed the presence in all prototrophic transformants of an 8.2-kb plasmid, pULDAP1, containing a Sau3AI insert of 5.5 kb (Fig. 2) (14) and may explain the more efficient biosynthesis of lysine by the corynebacteria. Since both dapA and dapB genes are expressed in both orientations, the presence of promoter sequences in each of them is likely. Lysine auxotrophs of E. coli which were altered in other genes of the lysine pathway (Table 1) were not complemented by pULDAP1 or pUL-
DAP2.
Three ORFs exist in the dapA-dapB cluster. A 3.5-kb Sau3AI-BamHI fragment containing the dapA and dapB genes ( Fig. 2) was used for sequence analysis in plasmids pUC119 and pUC118. Single-stranded plasmid DNA was isolated after transformation of E. coli WK6mutS (Table 1) with the recombinant phagemids and the helper virus M13K07 (16) . Sequencing was performed by the dideoxy method (19) , using the Sequenase system (United States Biochemicals Co.) and the TaqTrack Sequencing system (Promega). a-35S-dATP (600 Ci mmol-1) was purchased from Amersham Corp.
Three ORFs were found within the DNA fragment ( Fig.  3 ). ORFi extends from nucleotides 729 to 1472 and corresponds to the DNA fragment that complements the dapB auxotrophy in E. coli by deletion mapping studies. It encodes a protein of 248 amino acids with a deduced Mr of 26,055. ORF3 is located in the DNA fragments that complement the dapA mutations in E. coli; it extends from nucleotides 2480 to 3382 and encodes a protein of 301 amino acids with a deduced Mr of 31,310. An additional ORF, ORF2, has been found between the dapB and dapA genes. One methionine and four valines are present in the 5'-terminal region of ORF2, any of which may be translation initiation sites, and (Fig. 4) . It is interesting to note the high amino acid similarity despite a lower similarity in the nucleotide sequences, due to the low G+C content of E. coli. The dihydrodipicolinate synthase is also similar to the two reported isoenzymes of Tnticum sp. (26.4 and 27% identical amino acid residues). The deduced enzyme of B. lactofermentum is very similar to that of C. glutamicum since the only two nucleotide changes alter a single amino acid.
Analysis of similarity to other proteins of the PIR data bank revealed a high similarity (28.9% identical amino acids) to the N-acetylneuraminate lyase of E. coli (encoded by the nalE gene [13, 17] ), an enzyme which recognizes pyruvate as substrate, as occurs with dihydrodipicolinate synthase, and condenses it with a different substrate: N-acetylmannosamine. The similarity between this enzyme and the dihydrodipicolinate synthase is striking, since seven different amino acid stretches in the protein (a to g in Fig. 4 ) are conserved. This probably indicates a conservation of the mechanism of biosynthesis of dihydrodipicolinate synthase with reactions which use pyruvate to form C-C bonds through C-3 of this keto acid.
Dihydrodipicolinate synthase condenses pyruvate and aspartyl semialdehyde to form the seven-carbon compound 2,3-dihydrodipicolinate. The reaction may proceed with the formation of a linear 6-keto amino acid intermediate, which is cyclized to 2,3-dihydrodipicolinate by the dihydrodipicolinate cyclohydrolase (Fig. 1 ). Yugari and Gilvarg (25) .. [12] ) and N-acetylneuraminate lyase of E. coli (NALECOLI [13, 17] ).
a to g indicate the conserved domains. The amino acid sequences of the serine dehydrogenase of E. coli and the pyruvate-orthophosphate dikinase of Clostridium symbiosum (PIR data bank) were compared, and only the conserved amino acids of the domains are shown. Identical or functionally related amino acids are shaded. The families of functionally homologous amino acids were as follows: K-R, T-S, G-A, I-L-V-M, Y-F, and D-E.
cated that it was not clear whether a single enzyme carries out the carbon-carbon bond formation and the elimination of the oxygen at C-6 by an internal condensation. The molecular mechanism of N-acetylneuramninic acid synthesis (or hydrolysis) is extremely similar to that of dihydrodipicolinate synthase in that it involves condensation of the C-3 of pyruvate with the aldehyde group at C-1 of N-acetylmannosamine. Both genes are evolutionarily related and might have some common activities. A comparison of the amino acids conserved in the two types of enzymes (N-acetylneuraminate lyases and dihydrodipicolinate synthases) suggests that seven specific domains (a to g in Fig. 4 (5) . The enzyme is strongly similar to that of E. coli and shows a domain which is conserved in several dehydrogenases, including the aspartic semialdehyde dehydrogenases (asd) of E. coli, Saccharomyces cerevisiae, and C. glutamicum; N-acetylglutamyl phosphate reductases (argC) of Streptomyces clavuligerus, E. coli, and Bacillus subtilis; glyceraldehyde-3-phosphate dehydrogenases of C. glutamicum, white mustard, and Mesembryanthemum crystallinum; and malate dehydrogenases of E. coli and pig mitochondria.
By comparing the first domain of the dihydrodipicolinate reductase with the conserved region in a variety of dehydrogenases, it is possible to propose the conservation of the sequence, (V/I)(A/G)(V/I)XGXXGXXG, that is maintained in all of these dehydrogenases. NADP-dependent oxidoreductases constitute a large collection of enzymes that vary widely in size and substrate specificity. All of them have a similar 1-a-P fold which forms a pocket to accommodate the ADP moiety of the coenzyme (24 The corresponding o-35S-methionine-labelled proteins were observed in sodium dodecyl sulfate-polyacrylamide gels (Fig. 5) . No proteins were obtained in control clones transformed with the pT7-5 plasmid without insert. Three proteins were observed in E. coli K38(pGP1-2) cells transformed with pT7-5 plus the 3.4-kb BamHI insert (pULAP20) harboring the three ORFs. Two constructions (pULAP24 and pULAP29) were translated into a protein of about 26 kDa, corresponding exactly to the dihydrodipicolinate reductase. pULAP21, which carried the dapA gene exclusively, showed a single band of 31 kDa, corresponding exactly to the expected molecular weight of the dihydrodipicolinate synthase. Construction of pULAP22 carrying ORF2, in addition to the dapB gene, produced a protein of 29 kDa that seems to originate from ORF2 and also the 31-kDa dihydrodipicolinate synthase.
The presence of a third ORF (ORF2) between dapA and dapB was unexpected. Expression studies in E. coli showed that ORF2 appeared to encode a protein of about 29 kDa. This result agrees with the deduced protein of ORF2 (28 kDa) when we used the first valine (position 1527 [ Fig. 3]) as the first translated amino acid. A study of codon usage in this ORF showed some codons which are used at low frequency in corynebacteria. However, codon usage of ORF2 is to a large extent similar to that of dapA, and it is efficiently translated in E. coli with the T7 phage promoter.
It is likely that ORF2 is also translated in corynebacteria; studies are in progress to establish whether ORF2 plays a role in lysine biosynthesis. It is tempting to speculate that ORF2 may encode a polypeptide involved in cyclization of the linear seven-carbon 6-keto amino acid. Such an activity would not be required for N-acetylneuraminic acid synthesis since in that case the condensation product is not cyclized. This hypothesis is consistent with the fact that nalE-and dapA-encoded polypeptides are very similar, which suggests that a separate cyclizing polypeptide may be required in the formation of dihydrodipicolinate but not in the synthesis of N-acetylneuraminic acid.
